The purpose of this study was to investigate the capabilities of a novel optical wide-field imaging technology known as spatial frequency domain imaging to quantitatively assess reconstructive tissue status. Methods: Twenty-two cutaneous pedicle flaps were created on 11 rats based on the inferior epigastric vessels. After baseline measurement, all flaps underwent vascular ischemia, induced by clamping the supporting vessels for 2 hours (either arteriovenous or selective venous occlusions); normal saline was injected into the control flap and hypertonic-hyperoncotic saline solution was injected into the experimental flap. Flaps were monitored for 2 hours after reperfusion. The spatial frequency domain imaging system was used for quantitative assessment of flap status over the duration of the experiment. Results: All flaps demonstrated a significant decline in oxyhemoglobin and tissue oxygen saturation in response to occlusion. Total hemoglobin and deoxyhemoglobin were increased markedly in the selective venous occlusion group. After reperfusion and the administration of solutions, oxyhemoglobin and tissue oxygen saturation in those flaps that survived gradually returned to baseline levels. However, flaps for which oxyhemoglobin and tissue oxygen saturation did not show any signs of recovery appeared to be compromised and eventually became necrotic within 24 to 48 hours in both occlusion groups. Conclusions: Spatial frequency domain imaging technology provides a quantitative, objective method of assessing tissue status. This study demonstrates the potential of this optical technology to assess tissue perfusion in a very precise and quantitative way, enabling wide-field visualization of physiologic parameters. The results of this study suggest that spatial frequency domain imaging may provide a means for prospectively identifying dysfunctional flaps well in advance of failure. (Plast.
F
ree flap transfer has become a routine procedure in many medical centers around the world. A flap is a volume of tissue that can be transferred and survives in its new location based on a new set of blood vessels. The critical aspect in all anatomical subsets of tissue transfer flap is the blood supply. 1 The ability to transfer a cutaneous flap from one region to another has greatly facilitated the reconstruction of complex defects after trauma and cancer resection.
The advantages of skin flap transfer include stable wound coverage, improved aesthetic and functional outcomes, and minimal donor-site morbidity. Since establishing the free tissue transfer procedure in the 1960s, the failure rate has been significantly reduced because of technical improvement, patient selection, and flap design. Success rates are estimated to be as high as 95 to 99 percent among experienced surgeons. [2] [3] [4] Nevertheless, a recent survey of the literature indicates that 6 to 25 percent of skin flaps require a secondary surgical reexploration because of complications. 2, 5 Complications occur for a variety of reasons, including insufficiency of blood supply secondary to mechanical obstruction of the vessels, or ischemia-reperfusion injury, which occurs when blood flow is reestablished to ischemic tissues. 6 Studies have demonstrated that venous thrombosis alone is more common than either arterial or combined arterial and venous thrombosis. Thrombosis typically occurs within the first 48 hours in 80 percent of patients. 7 Because complications related to flap transfer occur at a considerable rate, accurate assessment of flap status and the ability to determine whether or not it will survive is of paramount importance. When a compromised flap is recognized and managed within 6 hours after surgery, it has a better than 50 percent salvage rate when taken back to the operating room. 3, 8, 9 Clinical examination is currently the most common practice for flap monitoring. 10 It is subjective and based on periodic observations of flap color, surface temperature, skin turgor, capillary refill time, and bleeding time after pinprick. Clinical evaluation has been, and remains, the standard of care with regard to postoperative surveillance. Not surprisingly, there have been considerable efforts to develop reliable objective methods for assessing free tissue flap viability. These assessment methods can be divided into several categories, including clinical assessment, chemical techniques, and instrumental monitoring techniques. 11 In this article, we present a study in which we investigate the capabilities of a novel wide-field optical imaging technology to assess reconstructive tissue status. This device, which we have developed, is based on the principles of spatial frequency domain imaging. 12, 13 Spatial frequency domain imaging is a novel spectral imaging modality that relies on measurements, acquired by a charge-coupled device camera, using diffuse reflectance in the spatial frequency domain to deduce the absorption coefficient and the reduced scattering coefficient of tissue on a pixel-by-pixel basis.
SPATIAL FREQUENCY DOMAIN IMAGING
Spatial frequency domain imaging is a noncontact spectral imaging device that uses the nearinfrared light spectrum (650 to 1100 nm) and is capable of rapid, wide-field measurements from which two-dimensional maps of the optical properties of a tissue can be generated. 12,14 -16 In this study, the images were obtained at 670, 730, 790, 850, and 910 nm using two spatial frequencies (0/mm and 0.2/mm). This system was able to acquire data every 80 seconds throughout the experiment. Tissue optical properties (absorption coefficient and reduced scattering coefficient) were extracted from demodulated spectral reflectance images. 16 The technique is then able to create two-dimensional maps of chromophores (e.g., deoxyhemoglobin and oxyhemoglobin) from the recovered absorption coefficients. From the determined concentration of hemoglobin and oxyhemoglobin in micromoles per unit liter, the total amount of hemoglobin in the tissue can be calculated, as can tissue oxygen saturation. Relative percentage changes in these parameters were subsequently calculated to facilitate interpretation of the data. This technology is different from other tissue spectroscopy devices in several important ways. Foremost among these is that it is able to generate two-dimensional chromophore maps of the tissue region of interest, in a noncontact way without scanning or moving of an imaging probe. Other groups have demonstrated that near-infrared tissue spectroscopy can detect and differentiate between arterial and venous occlusion, assuming that one knows where to place the measurement probe on the tissue, None of the technologies were widefield imaging methods. [17] [18] [19] [20] In the study that we describe here, we examine the performance of spatial frequency domain imaging to quantitatively deduce changes in deoxyhemoglobin, oxyhemoglobin, total hemoglobin, and tissue oxygen saturation in an epigastric pedicle flap model. We investigate the capability of spatial frequency domain imaging device to assess the viability of flaps after venous and arteriovenous occlusion both acutely and over a period of 96 hours. The work described here was carried out under University of California, Irvine, Institutional Animal Care and Use Committee-approved protocol no. 2006-2693.
MATERIALS AND METHODS
Twenty-two cutaneous pedicle flaps were created on 11 male Sasco Sprague-Dawley rats (Charles Plastic and Reconstructive Surgery • January 2011 River Laboratories, Boston, Mass.) weighing between 350 and 450 g. The flaps were assigned randomly into two groups, depending on the occlusion type:
1. Arteriovenous occlusion group (n ϭ 12 flaps). 2. Selective venous occlusion group (n ϭ 10 flaps). 3. Intact skin group (n ϭ 11, normal skin regions), in which an intact native region of skin was used and not surgically manipulated, and consisted of tissue located between the flaps that remained out of the surgical field.
After epilation and skin disinfection, a primary incision of approximately 5 cm on one side of the elliptically shaped flap design in the groin region was performed. The completed cutaneous pedicle flap measured approximately 5 ϫ 3 cm, based on the inferior epigastric vessels. All branches were ligated using 9-0 nylon sutures until reaching the main femoral vessels. The femoral vessels were freed from the surrounding tissue and dissected in Volume 127, Number 1 • Cutaneous Flap Assessment both proximal and distal directions for approximately 10 mm on both sides, as shown in Figure 1 . All branches to the muscles and inguinal fat pad were ligated and cut, creating a pedicle skin flap, based on the inferior epigastric vessels. The femoral nerve was cut, and part of the adventitia of the femoral vessels was removed to disrupt the perivascular plexus. For this reason, the hyperemia response was controlled only by local accumulation of metabolic products to stimulate blood flow following ischemia, especially after elimination of neural control, to mimic free tissue flap transfer. A 27-gauge cannula was inserted into the superficial femoral artery after it was freed from the surrounding tissue to control flap perfusion (Fig.  2) . After the cannula was secured in its position, it was tested by injection of 0.5 ml of normal saline. This process was repeated on the contralateral side. Finally, the pedicle tissue transfer flaps were sutured back in their native positions using 5-0 nylon suture, creating two symmetrical pedicle flaps on each groin. After bilateral pedicle flaps were created, the sides were randomized to either the control or the experimental flap.
The average time required for surgery for both flaps with placement of the cannulas was 4 hours 10 minutes in the arteriovenous occlusion group and 5 hours 1 minute in the selective venous oc- Spatial frequency domain images were obtained over the entire duration of the experiment, including a 15-minute baseline period on both flaps simultaneously. Afterward, clamps were applied on both pedicles to induce either venous or arteriovenous occlusion. After 2 hours of ischemia, the clamps were released and reperfusion was allowed. Once the clamps were removed from the experimental flap, 1 ml of the hypertonichyperoncotic saline solution (0.5 ml of 7.5% hypertonic saline plus 0.5 ml of hyperoncotic 6% dextran 70) was administered locally to the flap through the inferior epigastric artery using a 27-gauge cannula to augment cellular injury and induce necrosis. In addition, 1 ml of normal saline solution was administered to the control flap, using a dual syringe pump (Harvard Apparatus Model 11 Plus; Harvard Apparatus, Holliston, Mass.) at a rate of 0.15 ml/minute. Spatial frequency domain images were again acquired for an additional 2 hours. 
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In addition to spatial frequency domain images, reference photographs were obtained using a consumer grade digital camera (FinePix F30; FujiFilm, Tokyo, Japan) mounted in a fixed position with respect to the experimental setup every 10 minutes over the duration of data acquisition. This was done to provide a record of the "clinical impression" that could later be compared with spatial frequency domain images. The ischemia and reperfusion periods were approximately 2 hours 2 minutes (Ϯ2 minutes) and 2 hours 15 minutes (Ϯ15 minutes), respectively, for both occlusion groups. The animals were again imaged using spatial frequency domain imaging at 24, 48, 72, and 96 hours postoperatively.
Before engaging in the full study protocol, we tested the primary (vascular occlusion) and secondary interventions (solutions administration) by themselves and found that neither one, taken alone, was sufficient to induce fatal insult. We chose to use a 2-hour occlusion period based on the experience of coauthors Scholz and Evans. 21 In that study, which looked at the ability of orthogonal polarization spectroscopy to resolve changes in microcirculatory flow in response to different reperfusion fluids, the time interval between flap harvest and reperfusion was approximately 2 hours. We also performed 3-hour occlusions on two animals (four flaps). We experimentally determined that a 3-hour occlusion period was too long and would induce irreversible ischemia regardless of the treatment received (either normal saline or hypertonic-hyperoncotic saline). All of these flaps failed after 24 to 48 hours. In addition, we carried out a small investigation using four animals (eight flaps) to ensure that the effects of normal saline and hypertonic-hyperoncotic saline alone would not be sufficient to critically injure the flaps. All flaps were monitored for 2 hours without any primary intervention (vascular occlusion), and then four flaps were injected with hypertonic-hyperoncotic saline and another four flaps were injected with normal saline and monitored for an additional 2 hours. All of these flaps survived 96 hours postoperatively, regardless of the solution injected. Thus, neither primary intervention nor secondary intervention alone should critically injure the flaps.
Statistical Analysis
The variability of vital signs (i.e., heart rate, respiratory rate, and arterial oxygen saturation) between groups was statistically analyzed by using the paired t test (GraphPad Prism version 5.00; GraphPad Software, Inc., San Diego, Calif.). A one-way analysis of variance was used to compare the chromophore baseline values of control flaps and experimental flaps to intact skin. A Dunnett posttest analysis was used for direct comparison of baseline chromophore values between all the flaps in the three groups. Variables between surviving, compromised flaps and intact skin region were analyzed statistically using two-way analysis of variance. A Bonferroni posttest analysis was used to compare the data point differences at given time points along the curves. This analysis allows direct comparison of the data in a paired fashion. A value of p Ͻ 0.05 is considered significant. Data are presented as mean percentage change Ϯ SEM. 5 . These plots demonstrate the percentage change of each parameter in the arteriovenous occlusion group. We compared the group of flaps that survived to the group of flaps that eventually became necrotic within 24 to 48 hours postoperatively and to adjacent intact skin as a reference of unmanipulated skin surgically during the three phases of data acquisition (i.e., baseline, ischemia, and reperfusion with saline administration). The data were analyzed based on two-way analysis of variance and reported as mean Ϯ SEM oxyhemoglobin (above), tissue oxygen saturation (second row), deoxyhemoglobin (third row), and total hemoglobin (below).
In the occlusion phase, the values of oxyhemoglobin (above), tissue oxygen saturation (second row), and deoxyhemoglobin level (third row) became significantly different after 4 to 4.5 minutes of vascular occlusion in both surviving and compromised flap groups, based on two-way analysis of variance (oxyhemoglobin, tissue oxygen saturation, and deoxyhemoglobin, p Ͻ 0.0001) when compared with adjacent intact skin.
In the reperfusion phase, statistical analysis showed that the oxyhemoglobin, tissue oxygen saturation, and deoxyhemoglobin variations between compromised and surviving flaps did not become significantly different (p ϭ 0.1850, p ϭ 0.3030, and p ϭ 0.3702, respectively); however, tissue oxygen saturation showed a statistically significant difference at minute 81 after reperfusion based on Bonferroni posttest analysis (p Ͼ 0.05).
The total hemoglobin level (below) did not fluctuate much over the entire duration of the experiment, but statistical analysis indicates a significant difference between flaps that survived and flaps that eventually became necrotic based on two-way analysis of variance (p ϭ 0.0117). HbO 2 , oxyhemoglobin; Hb, deoxyhemoglobin; HbT, total hemoglobin; StO 2 , tissue oxygen saturation; ANOVA, analysis of variance.
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RESULTS
The dynamics of heart rate, respiratory rate, and arterial blood oxygen saturation level were similar for all animals over the duration of the imaging session, without any statistically significant differences among groups (paired t test). The mean heart and respiratory rates varied between 212 and 317 beats/minute (p ϭ 0.1076) and 32 and 49 (p ϭ 0.3256) breaths/minute, respectively. The mean arterial oxygen saturation ranged between 98 and 99.9 percent (p ϭ 0.4574).
The baseline values of oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue oxygen saturation revealed no statistically significant differences based on the paired t test (p ϭ 0.2138, p ϭ 0.3878, p ϭ 0.2215, and p ϭ 0.3666, respectively) between right and left skin flaps among all animals in all groups. When the cutaneous flaps were compared with adjacent intact skin, there were significant statistical differences in deoxyhemoglobin (p ϭ 0.0157) and tissue oxygen saturation (p ϭ 0.0355) based on one-way analysis of variance; however, there was no significant difference in oxyhemoglobin (p ϭ 0.8205) or total hemoglobin (p ϭ 0.8740), as depicted in Figure 3 .
Arteriovenous Occlusion Group
In this group, 12 flaps were created (six treated with normal saline and six treated with hypertonichyperoncotic saline). By postoperative day 4, eight of them had survived and four of these flaps had failed. Spatial frequency domain images registered microcirculation changes over the entire time of data acquisition, including baseline, ischemia, and reperfusion periods. Figure 4 
To quantitatively compare data between animals and flaps, the relative percentage change of each chromophore value was calculated in three different regions of interest, including the control flap, the experimental flap and intact skin. The percentage change of oxyhemoglobin and tissue oxygen saturation depicted in Figure 5 , above dem- HbO 2 , oxyhemoglobin; StO 2 , tissue oxygen saturation; Hb, deoxyhemoglobin; HbT, total hemoglobin. *Data are presented as the mean of the absolute value for each parameter Ϯ SEM and the clinical status. The statistical analysis indicates that tissue oxygen saturation was significantly different when we compared the viable flaps and the intact skin group to those that eventually became necrotic starting in the first 24 hours postoperatively (p Ͻ 0.0001). Also, the oxyhemoglobin and deoxyhemoglobin concentrations became statistically different on the second day postoperatively (48 hours) (p ϭ 0.0011 and p ϭ 0.0042, respectively), whereas total hemoglobin concentration became significantly different on the third day (72 hours) postoperatively (p ϭ 0.0483). There were no statistically significant differences in oxyhemoglobin, tissue oxygen saturation, deoxyhemoglobin, or total hemoglobin concentrations when we compared the viable flaps to the adjacent intact skin group. The data were analyzed based on two-way analysis of variance analysis and are reported as mean Ϯ SEM.
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In the group of flaps that survived, we observed a gradual increase in oxyhemoglobin and tissue oxygen saturation levels that began after 18 minutes of reperfusion. Statistically, the oxyhemoglobin and tissue oxygen saturation levels, in the group of flaps that survived, recovered completely 42 and 46.5 minutes, respectively, after reperfusion, when compared with the intact skin group. In contrast, there was no recovery of oxyhemoglobin and tissue oxygen saturation levels in the group of flaps that ultimately revealed themselves to be critically compromised. The oxyhemoglobin and tissue oxygen saturation variations between critically compromised flaps and those that survived were analyzed using two-way analysis of variance but did not show any statistically significant difference. In contrast, a Bonferroni posttest analysis showed a significant difference at minute 81 after reperfusion. Figure 5 , third row illustrates a sharp increase in deoxyhemoglobin values following complete pedicle occlusion in all flaps, becoming significantly different from adjacent intact skin after 4.5 minutes. The deoxyhemoglobin values of the flaps that survived decreased steadily 42 minutes following reperfusion. However, the flaps that eventually became necrotic displayed no significant changes in deoxyhemoglobin for this set of samples. Over the entire duration of the experiment, the total hemoglobin level did not fluctuate much, as shown in Figure 5 , below. 6 . These images were acquired at baseline (T ϭ 0), 2 hours after arteriovenous occlusion (T ϭ 2 Hours), 2 hours after blood reperfusion and saline administration (T ϭ 4 Hours), and 24 (T ϭ 24 Hours) and 72 hours (T ϭ 72 Hours) after the pedicle flap was raised in the selective venous occlusion group. The flap on the left in each image represents a control flap that was treated with normal saline after 2 hours of ischemia and survived. The right flap in each image represents the experimental flap that was treated with hypertonichyperoncotic saline after 2 hours of ischemia and eventually became necrotic within 24 to 48 hours. The gradient changes in concentration of oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue oxygen saturation are noticeable between different time points when comparing both flaps and using adjacent intact skin as reference. HbO 2 , oxyhemoglobin; Hb, deoxyhemoglobin; HbT, total hemoglobin; StO 2 , tissue oxygen saturation.
Volume 127, Number 1 • Cutaneous Flap Assessment Table 1 shows the mean value of each parameter after 24, 48, 72, and 96 hours in micromoles per unit liter. The data analysis indicates that there was a statistically significant difference in tissue oxygen saturation concentration when compared the intact skin group and the flaps that survived to those flaps that were critically compromised.
Selective Venous Occlusion Group
There were 10 flaps (five animals) in this group (five treated with normal saline and five with hypertonic-hyperoncotic saline). Four flaps were critically compromised and six survived. Figure 6 displays the spatial frequency domain images obtained at several time points (0, 2, 4, 24, and 72 hours). The variations in oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue oxygen saturation concentrations during baseline, ischemia, and reperfusion periods reflect changes in microcirculation of the flaps. In particular, during the ischemia period, we observed blood pooling inside the control and experimental flaps, which was indicated by high total hemoglobin and deoxyhemoglobin concentrations at 2 hours, following by complete recovery of the surviving flap after 24 to 48 hours.
The relative percentage change of chromophore concentrations were calculated in the same way as was done for the arteriovenous occlusion experiment. The levels of oxyhemoglobin in all the flaps in this group displayed a sharp drop in their values after transient increase following the application of the clamps, as depicted in Figure 7 , above. The tissue oxygen saturation level dropped dramatically after occlusion (Fig. 7 , second row) also, becoming significantly different from the intact skin group after approximately 4 minutes. Figure 7 , third row and below show dramatic changes in the deoxyhemoglobin and total hemoglobin levels after the clamps were applied. All flaps displayed a steep increase in deoxyhemoglobin and total hemoglobin level within a few minutes after occlusion in comparison with adjacent intact skin group, becoming significantly different at 4.5 and 1.5 minutes after occlusion, respectively, based on Bonferroni posttest analysis.
The flaps that survived showed rapid recovery after the clamps were released and the saline solutions were injected. The oxyhemoglobin level rebounded, eventually exceeding the baseline values in a compensatory fashion (Fig. 7, above) . Conversely, the tissue oxygen saturation level increased steadily, returning to near preischemic level (baseline values). Statistically, the tissue oxygen saturation increase was nonsignificant after 24 minutes based on Bonferroni posttest analysis when compared with the intact skin group (Fig. 7,  second row) . However, the oxyhemoglobin, tissue oxygen saturation, deoxyhemoglobin, and total hemoglobin levels in the critically compromised did not change appreciably after reperfusion. In contrast, the deoxyhemoglobin level showed signs of recovery 24 minutes following reperfusion period compared with the intact skin group. Table 2 shows the mean value of each chromophore after 24, 48, 72, and 96 hours in micromoles per unit liter. The data analysis indicates that there was a statistically significant difference in tissue oxygen saturation and deoxyhemoglobin concentration when the intact skin group and the flaps that survived were compared with those flaps that were critically compromised.
Intact Skin Group
As expected, chromophore concentrations in the intact skin did not fluctuate much over the entire duration of the experiment (Figs. 5 and 7) . Fig. 7 . Plots demonstrating the percentage change of each parameter in the selective venous occlusion group. We compared the flaps in the group that survived to the flap group that eventually became necrotic after 24 to 48 hours postoperatively and to adjacent intact skin as a reference during the three phases of data acquisition (baseline, ischemia, and reperfusion with saline administration). The data were analyzed based on two-way analysis of variance and reported as the mean Ϯ SEM oxyhemoglobin (above), tissue oxygen saturation (second row), deoxyhemoglobin (third row), and total hemoglobin (below).
In the occlusion phase, the decrease of oxyhemoglobin was not statistically significant (p ϭ 0.3561) and Bonferroni posttest analysis did not show any significant differences at any time point when compared with adjacent intact skin. However, the reduction of tissue oxygen saturation level became significantly different from the intact skin group after approximately 4 minutes (p ϭ 0.0006). The increase of deoxyhemoglobin and total hemoglobin levels became significantly different (p Ͻ 0.0001) at 4.5 and 1.5 minutes after occlusion, respectively, based on Bonferroni posttest analysis.
In the reperfusion phase, the flaps in the group that survived showed an increase in the tissue oxygen saturation level. This increase was statistically nonsignificant after 24 minutes, based on Bonferroni posttest analysis (p Ͼ 0.05) when compared with the intact skin group. The changes in oxyhemoglobin, tissue oxygen saturation, deoxyhemoglobin, and total hemoglobin concentrations of surviving and compromised flap groups after reperfusion did not become significantly different based on two-way analysis of variance (p ϭ 0. 2726, p ϭ 0.3926, p ϭ 0.3654, and p ϭ 0.3638, respectively) when the surviving flaps were compared with the compromised flaps. 17, 18, [22] [23] [24] [25] [26] Regardless of the differences in devices, data processing, and study design, each of these studies has emphasized the reliability of optical technologies as a means for flap viability assessment.
Our results demonstrate that the major advantage of spatial frequency domain imaging over other technologies to date is its capability to rapidly generate two-dimensional spatially resolved maps of each parameter within the region of interest, as shown in Figures 4 and 6 . The gradient changes in concentration of oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue oxygen saturation were readily apparent between different time points and when compared with adjacent intact skin as illustrated in Figures 4 and  6 . An additional strength of this modality is that it confers the ability to assess viability of specific regions within a given flap as shown in Figure 4 . This capability to visualize the integrity of the entire flap may be particularly relevant to intraoperative flap assessment and may have the potential to identify defects before the flap has left the operating room. This will be the subject of future work.
Tissue response to venous congestion and arterial and venous occlusion were easily identifiable by means of spatial frequency domain imaging, as illustrated in Figures 5 and 6 . Hemodynamic and tissue oxygenation changes in the flap microcirculation were clearly observed using spatial frequency domain imaging during reperfusion and saline solution administration as well. The ability to quantitatively follow these changes has the potential to enable enhanced understanding of the hemodynamics associated with different types of ischemia, in addition to providing a means for identifying signs of flap recovery. The data obtained for the intact skin group did not fluctuate much even when the animal was moved in and out of the imaging field of view to apply and remove microclamps. This stability in hemodynamic parameters for this region of tissue provides a nice reference point, indicating that artifacts introduced into the data because the subject was moved in and out of the field of view of the camera were minimal.
Based on statistical analysis, the indications of flap recovery after occlusive insult occurred soon after blood flow was reestablished and were apparent through dramatic hemodynamic changes, Most of the flaps that received hypertonic-hyperoncotic saline failed (six of 11), and the majority of the flaps that survived received normal saline (eight of 11). However, the hypertonic-hyperoncotic saline solution we chose in this study was selected according to previously published work by coauthors from the Aesthetic and Plastic Surgery Institute. 21 It seems that because of subtle differences between their experiment (for which actual free flaps were created) and the study described here, the sodium concentration was high enough, in combination with the effects of occlusive insult, to induce fatal insult in the majority of the flaps that received hypertonic-hyperoncotic saline.
Finally, it should be said that there are some aspects of spatial frequency domain imaging measurements that require particular care. The first of these is that it requires systemic calibration to produce accurate results. If any of the subsystems of the instrument, such as alterations in camera focus, projector lens, light source, or room illumination, are changed without subsequent capture of a new calibration, the subsequent calculation of oxyhemoglobin, deoxyhemoglobin, total hemoglobin, and tissue oxygen saturation may no longer accurately reflect the amounts present within the flap. Second, note that the subjects used in this investigation have minimal pigmentation. The melanin present in very highly pigmented skin has the potential to obscure accurate determination of oxyhemoglobin and deoxyhemoglobin concentrations. There are strategies for obviating this challenge with appropriate modeling that accounts for pigmentation; this is an area of research within Dr. Durkin's laboratory. It should be said that the technology is still under development and efforts to reduce complexity and improve robustness continue.
CONCLUSIONS
The results of the study presented here indicate that within the context of a preclinical investigation, spatial frequency domain imaging can be used to provide spatially resolved maps of chromophores in pedicle flaps and can be used to record local tissue hemodynamics in response to occlusion and reperfusion. Furthermore, spatial frequency domain imaging can be used as a straightforward means of recording the status of tissue for longitudinal studies of tissue response to perturbation (up to 96 hours in this study). Taken as a whole, these results indicate that spatial frequency domain imaging may be useful for early identification of critically injured flaps that will, within the context of this study, eventually became necrotic.
Additional studies are planned under an institutional review board-approved protocol to evaluate the performance of spatial frequency domain imaging in assessment of flaps in the clinic. Spatial frequency domain imaging may have the potential to provide the surgeon with an early, reliable, and objective tool with which to identify vascular compromised flap shortly after reestablishing blood flow, allowing more time for intervention to save the flap and reduce the costs. This technology has multiple potential clinical implications that are currently under investigation, including burn severity assessment, skin cancer detection, and provision of a way of following response of tumors grown in animal models to different chemotherapeutic agents. The next generation device, which is being developed under a National Institutes of Health Small Business Innovation Research grant, is more compact and easier to handle and has dramatically faster data acquisition than the device we used in this study. 
